Seasonal measurements of the metabolic physiology of four Antarctic demosponges and their associated assemblages, maintained in a flow through aquarium facility, demonstrated one of the largest differences in seasonal strategies between species and their associated sponge communities. The sponge oxygen consumption measured here exhibited both the lowest and highest seasonal changes for any Antarctic species; metabolic rates varied from a 25% decrease to a 5.8 fold increase from winter to summer, a range which was greater than all 17 Antarctic marine species (encompassing eight phyla) previously investigated and amongst the highest recorded for any marine environment. The differences in nitrogen excretion, metabolic substrate utilization and tissue composition between species were, overall, greater than seasonal changes. The largest seasonal difference in tissue composition was an increase in CHN (Carbon, Hydrogen, and Nitrogen) content in Homaxinella balfourensis, a pioneer species in ice-scour regions, which changed growth form to a twig-like morph in winter. The considerable flexibility in seasonal and metabolic physiology across the Demospongiae likely enables these species to respond to rapid environmental change such as ice-scour, reductions in sea ice cover and ice-shelf collapse in the Polar Regions, shifting the paradigm that polar sponges always live "life in the slow lane." Great phenotypic plasticity in physiology has been linked to differences in symbiotic community composition, and this is likely to be a key factor in the global success of sponges in all marine environments and their dominant role in many climax communities.
Seasonal measurements of the metabolic physiology of four Antarctic demosponges and their associated assemblages, maintained in a flow through aquarium facility, demonstrated one of the largest differences in seasonal strategies between species and their associated sponge communities. The sponge oxygen consumption measured here exhibited both the lowest and highest seasonal changes for any Antarctic species; metabolic rates varied from a 25% decrease to a 5.8 fold increase from winter to summer, a range which was greater than all 17 Antarctic marine species (encompassing eight phyla) previously investigated and amongst the highest recorded for any marine environment. The differences in nitrogen excretion, metabolic substrate utilization and tissue composition between species were, overall, greater than seasonal changes. The largest seasonal difference in tissue composition was an increase in CHN (Carbon, Hydrogen, and Nitrogen) content in Homaxinella balfourensis, a pioneer species in ice-scour regions, which changed growth form to a twig-like morph in winter. The considerable flexibility in seasonal and metabolic physiology across the Demospongiae likely enables these species to respond to rapid environmental change such as ice-scour, reductions in sea ice cover and ice-shelf collapse in the Polar Regions, shifting the paradigm that polar sponges always live "life in the slow lane." Great phenotypic plasticity in physiology has been linked to differences in symbiotic community composition, and this is likely to be a key factor in the global success of sponges in all marine environments and their dominant role in many climax communities.
INTRODUCTION
The majority of marine ecosystems are seasonal, with significant annual variation in photoperiod, and temperature leading to variation in food supply (Peck et al., 2006) , particularly for suspension feeders. This results in marked reductions in activity, growth, and reproduction of benthic suspension feeders during periods of low food supply (Gruzov, 1977; Hughes, 1989; Fenchel, 1990; Coma et al., 1998) . These low food periods largely coincide with the coldest water temperatures and at polar latitudes the seasonal difference in phytoplankton productivity is amongst the highest of any ocean, whilst the shallow water temperature variation is amongst the lowest (Venables et al., 2013) . Feeding, growth, and reproductive investment of primary consumers are therefore often coupled to the brief austral summer, with reduced feeding and metabolic activity for several months during winter (Gruzov, 1977; Clarke, 1988; Clarke et al., 1988; Morley et al., 2007) . Whilst winter dormancy in polar species is common, and can be extreme (e.g., Bryozoan; Barnes and Peck, 2005) , in other, even closely related species of suspension feeders, periods of reduced metabolic, and feeding activity can be as short as 1 month (Barnes and Clarke, 1995) . The patterns of seasonal physiology are therefore complex and in groups such as carnivores, whose food supply is more consistent throughout the year, physiology is generally less coupled to the overlying seasonality and more closely linked to the timing of key life history events Obermüller et al., 2010) .
Sponges are a rich group of sessile invertebrates with over 8500 described species which occur in almost every benthic aquatic habitat (Van Soest et al., 2012) . Approximately 400 sponge species have been identified from the Southern Ocean (Janussen and Downey, 2014) , where they can be dominant components of Antarctic shelf communities (Dayton et al., 1970 (Dayton et al., , 1974 Voss, 1988; Barthel, 1995) . Their high biomass and morphological diversity are believed to be important in maintaining and structuring Antarctic benthic diversity (Gutt and Schickan, 1998; Cocito, 2004; McClintock et al., 2005) . The efficient filter feeding of sponges makes them important components of the nutrient cycles of many marine ecosystems (Diaz and Ward, 1997; Diaz and Rutzler, 2001) , as they perform an important role in benthopelagic coupling, transferring energy, and carbon from pelagic to benthic ecosystems (Gatti, 2002) . Sponges can utilize a variety of food sources, including picoplankton, such as bacteria and viruses within the water column (Hadas et al., 2009; PereaBlázquez et al., 2013a) . Despite this wide range of food types, in many environments sponge physiology often varies seasonally with environmental temperature (Fromont, 1994; Witte et al., 1994; Fan and Dai, 1999; Meroz-Fine et al., 2005; Perea-Blazquez et al., 2013b) . Growth can also vary seasonally (Harsha et al., 1983) and food availability has been shown to influence seasonal reproductive cycles (Witte, 1996) .
Whilst sponges are considered suspension feeders, they are often associated with complex biomes containing bacterial communities which supplement their nutrition (Vacelet, 1971; Wilkinson, 1978; Weisz et al., 2007) . These bacterial communities can occupy a large proportion, up to 40%, of the mesohyl volume (Vacelet, 1975; Wilkinson, 1978) and can be a mixture of cyanobacteria or heterotrophic bacterial populations (Wilkinson, 1978) including those that have nitrification or sulfate reduction (Erwin et al., 2012) capacities, which are consistently associated with particular species (Webster et al., 2004) . Sponge bacterial symbiont communities can be temporally much more stable than bacteria in seawater (Erwin et al., 2012) and therefore have the potential to limit the seasonal reduction in nutrition that would be expected during the winter months.
This study aimed to evaluate seasonal variation in the physiology of some of the most abundant species of shallow water Antarctic demosponges and their associated communities. Rates of oxygen consumption, nitrogen excretion and body tissue water, ash, and CHN content were compared between summer and winter. This information is important for understanding the global success of sponges across aquatic habitats, predictions of the capacity of sponge communities to respond to climate change, especially in the Antarctic (Meredith and King, 2005) , through environmental warming, reductions in sea ice (Barnes et al., 2014) , break up of ice-shelves (Dayton et al., 2013; Fillinger et al., 2013) , and any resultant changes in energy flow into the benthic community (Post et al., 2007; Peck et al., 2010; Dayton et al., 2013; Venables et al., 2013) .
METHODS
Species, with differing growth forms, were chosen to represent the dominant demosponge assemblage present in the sublittoral waters around Rothera Research station. No calcareous sponges were collected during subtidal surveys. Only two hexacinellid (glass) sponges were observed during the subtidal surveys and due to their large size they were excluded from this study. Sponges and/or sections of, Axinella antarctica (Koltun, 1964) , Calyx arcuarius (Topsent, 1913) , Clathria (Axosuberites) nidificata (Kirkpatrick, 1907) , Dendrilla antarctica (Topsent, 1905) , Hemigellius sp., Homaxinella balfourensis (Ridley and Dendy, 1886) , Isodictya kerguelenensis (Ridley and Dendy, 1886) , Mycale (Oxymycale) acerata (Kirkpatrick, 1907) , Phorbas sp., Sphaerotylus antarcticus (Kirkpatrick, 1907) , and Suberites sp., were collected by SCUBA divers from depths of 20-30 m in Ryder Bay, West Antarctic Peninsula (67 • 34 ′ S, 68 • 07 ′ W). Sponges were maintained in the British Antarctic Survey's flow through aquarium at Rothera Research Station and identified utilizing the standard protocols to examine skeletal architecture and measurement of spicule types (Boury-Esnault and Ruetzler, 1997) . Sponges for physiology were cut into approximately equally sized sections, with oscules and ostia present, before being left to recover for at least 1 week so that any increase in metabolic rate caused by regeneration was minimized. Regeneration was considered complete after effective closure of the ectosome by pinacocytes. Sponges were kept in the flow through aquarium system for 12 months and any morphological seasonal variation was recorded qualitatively for each species. Temperature and photoperiod in the aquarium were adjusted to match that of the natural environment, although temperature was approximately 0.2 • C warmer. Sponges can contain a wide variety of bacteria (Weisz et al., 2008) , which may influence metabolic rates (Weisz et al., 2007) and, therefore, the samples were considered as a whole community, including the sponge biome.
The metabolic rate, nitrogenous waste production, and CHN content of sponge biomes were measured in both summer and winter. Before metabolic rate was measured any visible macroepifauna were carefully removed from the surface of sponges before they were placed in acrylic respirometers. Macrofauna were largely mobile and it was therefore not possible to determine that they were part of the obligate sponge fauna. To reduce the influence of any oxygen production by photosynthetic organisms within the sponge tissue, which would prevent metabolic rate being accurately measured, respirometers were kept in the dark for at least 4 h before measurements were made. The drop in oxygen within each closed cell respirometer was measured using a pre-calibrated Microx-3 oxygen meter (Presens GmbH), the needle of which was pushed through a rubber diaphragm sealing the access port of the respirometry chamber. Oxygen consumption trials were run until a 10-20% drop in oxygen was reached and oxygen concentrations were never allowed to fall below 70% of saturation. The volume of water in each respirometer was corrected for the volume of sponge, which was calculated by Archimedes principle (the weight of water displaced by the sponge).
After each oxygen consumption trial the water from each respirometer was sub-sampled for measurement of ammonia and urea. All urea samples were frozen and stored at −80 • C for later analysis. Most ammonia samples were analyzed immediately, but when necessary, water samples for ammonia analysis were deep frozen with their pH adjusted twice, once to pH <4.5 before freezing and then to pH > 7.0 after defrosting (Degobbis, 1973; Fraser et al., 2002b) . Ammonia was assayed with ophthalaldehyde (OPA) fluorometry, using the method as described by Holmes et al. (1999) with minor modifications. In the present study ratios of working reagent (WR) to sample volume ranged between 1:1 and 1:2, compared to 1:4 and 1:0.25 in Holmes et al. (1999) . The assay was calibrated by spiking seawater with known amounts of ammonium chloride. All samples and standards were read in a TD700 fluorometer (Turner Designs, California). Ammonia excretion is expressed as µmol NH 3 h −1 g −1 ash-free dry mass (AFDM). Urea was analyzed using the diacetyl monoxime assay of Rahmatullah and Boyde (1980) with minor modifications according to Fraser et al. (2002b) . In the present study, seawater samples were not deproteinized and sample volume and color reagent volume were 1.0 and 0.5 ml, respectively. The assay was calibrated by spiking seawater with known amounts of a urea standard solution. All samples and standards were read with a spectrophotometer at 535 nm. Urea excretion rates are expressed as µmol CO(NH 2 ) 2 h −1 g −1 AFDM. O:N ratios (oxygen consumption vs. nitrogen excretion) were calculated on an atomic basis. O:N ratios can serve as a metabolic index, providing information about proportions of substrate catabolized. Ratios <20 indicate mainly protein utilization, whereas ratios of 50-60 suggest more balanced catabolism of protein, lipid, and carbohydrate proportions, and ratios >100 indicate a diet dominated by lipids and carbohydrates (Mayzaud and Conover, 1988) . Only ammonia-nitrogen was included in calculations of O:N ratios and while this is likely to underestimate total nitrogen excretion, since other products such as urea, primary amines and uric acid all contribute to nitrogenous waste, ammonia is the dominant excretory product of protein catabolism in marine fish and invertebrates (Wood, 1993; Clarke et al., 1994) . In invertebrates, excreted urea is likely to be derived from deamination of arginine and/or excretion of purines and pyrimidines, suggesting RNA and nucleic acid breakdown rather than protein metabolism (Baldwin, 1967; Fraser et al., 2002b) . Due to time constraints of sampling, not all measures were taken from all species in both seasons.
At the end of each experiment any free water within the sponge matrix was allowed to drain after which the surface was blotted dry. The wet mass, dry mass (DM; constant weight after drying at 60 • C) and AFDM (obtained by subtraction of ash remaining from dry mass after 24 h at 475 • C) of each sponge section were then measured. Before samples were ashed, a measured sub-sample of each sponge was removed for total C, H, and N measurement. To measure CHN dry samples were homogenized using a Waring blender and ground to fine powder using a mortar and pestle. All equipment was washed, dried, and cleaned with acetone between samples to minimize contamination. Total C, H, and N were measured on powdered sub-samples in a CHN analyser Model CE 440 (Exeter Analytical, Inc., Massachusetts, USA). Sample weights used for analysis typically ranged between 1 and 2 mg DM. Most samples were run once, but random duplicate samples were measured to control assay quality and ensure reproducibility. All runs were carried out with sample blanks (empty tin sample vials), an organic blank (benzoic acid) for nitrogen zeros, and acetanilide standards (quantities dependent on sample size). CHN data are expressed as percentage of DM (mean ± standard deviation SD). Proportional data were arcsine square root transformed and other data sets box-cox transformed to normalize residuals from general linear model assessments of differences between species and seasons. For species for which multiple measurements were made within a season, data that were not significantly different were combined.
STATISTICS
Data were tested for normality with Anderson-Darling tests. Non-normal data were box cox transformed to achieve normality before differences between species and sampling dates were tested with ANOVA followed by post-hoc Tukey tests (P < 0.05). In figures and tables significant differences were indicated by an asterisk (ANOVA) and non-significant TUKEY results were indicated by the same lower case letter.
RESULTS
Water content across sponge species varied from 67 to 95% (Table 1) . There were few differences in water content between seasons but the three species that were significantly different [H. balfourensis, F (1, 28) = 13.9, P < 0.01; S. antarcticus, F (1, 42) = 1122, p < 0.01; Suberites sp., F (1, 51) = 100, p < 0.01] had lower water content in winter than summer. There were physical differences in the appearance of H. balfourensis between the seasons. In winter the morphology was twig-like compared with a more bushy, club form in summer. S. antarcticus also seasonally changed form; in the summer, the oscular papillae were short and stout with wide oscule openings which could contract, whilst in winter these papillae grew long filaments which were closed and had asexual buds along the length (Figure 1) . One species, Hemigellius sp. showed a reduction in water content between winter months [June-July, F (1, 11) = 5.4, P < 0.05], whilst one species, Suberites sp. showed a reduction in water content between summer months [February-March, F (1, 24) = 15.7, P < 0.01]. Neither Suberites sp. nor Hemigellius sp. underwent visible morphological changes, however many of the sponges monitored, including Suberites sp. released larvae in October and November (late spring, early summer). Within each species * indicates a significant difference between seasons (ANOVA, p < 0.05) and within each species, seasonal % water contents with the same letter, were not significantly different (Tukey tests, P < 0.05).
Ash content of dried tissue of Antarctic sponges varied widely between species, ranging from 16 to 73% (Table 2) . Ash content only varied seasonally in five species, with four species exhibiting lower ash content in winter, A. antarctica [F (1, 13) = 37.7, P < 0.01], C. arcuarius [F (1, 19) = 156, P < 0.01], S. antarcticus [F (1, 42) = 7.6, P < 0.01], and Suberites sp.[F (1, 51) = 4.4, P < 0.05]. One species, Clathria nidificata [F (1, 36) = 8.7, P < 0.06], had a higher ash content in winter. The three species for which sequential samples were taken throughout the winter showed either a reduction (Suberites spp. and D. antarctica), or an increase (S. antarctica) in ash content as winter progressed (Table 1) .
Oxygen consumption was highly variable, ranging from 1 to 12 µmol O 2 gAFDM −1 .h −1 (Figure 2 ) between species [F (3, 141) = 50.6, P < 0.01] with season having a significant effect on metabolic rate in all four species [F (1, 141) = 141, P < 0.01] for which there were both summer and winter measurements. There was a significant interaction between species and season [F (3, 141) = 59.6, P < 0.01] with oxygen consumption being higher in summer in three species (T > 5.1, P < 0.01), however, D. antarctica had a higher oxygen consumption in winter (T = 4.4, P < 0.01). In summer C. nidificata produced significantly more ammonia (T > 9.0, P < 0.01), whereas Suberites sp. produced significantly less ammonia (T > 10.5, P < 0.01) than other sponges species investigated (Figure 3) . Suberites sp. exhibited the only seasonal difference in ammonia production, with an increased production in winter (T = 10.9, P < 0.01).
The highest urea production was measured in C. nidificata (T > 11.4, P > 0.01) and S. antarcticus (T > 21.1, P < 0.01) in summer (Figure 4) . D. antarctica (T = 5.6, P < 0.01) produced more urea in summer than winter, whereas Suberites sp. (T = 2.5, P = 0.17) had no seasonal difference in urea production.
There was an overall significant difference in O:N ratio between species [F (3, 107) = 70.5, P < 0.01] and between seasons [F (1, 107) = 12.0, p < 0.01]. C. nidificata had a significantly lower O:N ratio (T > 11.6, P < 0.01; Figure 5 ) than the other species. Two species were measured in both summer and winter and exhibited different seasonal responses [interaction term, F (1, 69) = 13.0, P < 0.01]. D. antarctica had a higher O:N ratio in winter whereas Suberites sp. had a lower O:N ratio in winter (Figure 5 ).
Only one species had significant differences in proximate composition between seasons ( Table 3 ). H. balfourensis had higher proportions of C, H, and N in dried tissues in winter than summer [F (1, 18) = 19.5, P < 0.01].
DISCUSSION
Antarctic sponges clearly have the ability to grow, reproduce and thrive in the coldest marine environments, and their contrasting Within each species * indicates a significant difference between seasons (ANOVA, p < 0.05) and within each species, seasonal % ash contents with the same letter, were not significantly different (Tukey tests, P < 0.05). SE, standard error of mean; N, sample size.
physiological strategies may be key to their success in the face of extreme changes in food availability (McClintock et al., 2005) . Sponges can thrive under ice-shelves, hundreds of kilometers from open water utilizing horizontally advected food sources (Riddle et al., 2007) , whilst an increasing number of sponge species are being found with the capacity to respond rapidly to changes in primary productivity and new habitat availability (Gutt and Piepenburg, 2003; Dayton et al., 2013; Fillinger et al., 2013) . Although this study could only measure the physiology of the whole sponge community the seasonal changes measured in Antarctic shallow water demosponges were amongst the highest measured for any taxonomic group, we found even greater between-species variation in physiological strategy, with little consistent seasonal pattern to these respones ( Table 4) .
Comparisons of the physiological patterns of D. antarctica and Suberites sp. highlight the different seasonal strategies. Suberites sp. increased metabolic rate in summer and the higher O:N ratio indicates that the metabolic substrate had a higher proportion of carbohydrate and lipid in their diet in summer and a lower organic mass. D. antarctica conversely had a lower metabolic rate in summer, a much lower O:N ratio, indicating a higher proportion of protein in the metabolic substrate, but this did not result in a change in AFDM. The increase in winter metabolic rate of D. antarctica, in an environment with virtually no primary productivity in the water column during the winter months suggests that they are relying on other sources of nutrition. This ability to utilize alternative sources of nutrition, may be the reason that sponges are able to successfully colonize such a wide range of environments. In this study, season had a significant effect on oxygen consumption in all four species studied. The winter to summer change ranged from x0.8 for Clathra (Axosuberites) nidificata to x5.5 for Suberites sp. and x5.8 for S. antarcticus. Seasonal changes in oxygen consumption have previously been evaluated for 17 species of Antarctic marine ectotherms from eight phyla (Figure 6 ). These changes ranged from 0.9 for the bryozoan Camptoplites bicornis to 3.4 for the bryozoan Isoseculiflustra tenuis. The sponge communities studied here thus have two of the largest recorded seasonal changes in metabolism and the range of responses in sponges is greater than that for all other phyla that have been reported to date (Figure 6 ). Seasonal factorial increase in metabolic rate of aquatic marine invertebrates from non-polar environments ranged from 1.3 to 5.8 [Supplementary Table 1 but with the exception of Argopecten irradians with a factorial rise of 16.7 associated with a large increase in gonad production (Bricelj et al., 1987) ]. This may, on the face of it seem a surprising result, as sponges are a sessile suspension feeding group, and low activity taxa usually have poor capacities to raise metabolic rates and hence low aerobic scopes (Peck, 1998) . The reason for this unexpected phenotypic plasticity may lie in the interaction between the sponge tissues and a species specific microbial community (Weisz et al., 2008) , which likely amplifies the seasonal variation in metabolism. This study was only able to measure the integrated physiological response of the sponge community and it is possible that different components might have varied in their temporal metabolic responses. Whilst this study will almost certainly miss some of the temporal dynamics within the community, evolution is expected to act on the community as a whole and isolated symbionts are unlikely to have the same physiology when separated from their host. Sponge community metabolic rates vary depending on sponge activity (Hoffmann et al., 2008) . However, Hoffmann et al. (2008) only attributed a three fold difference in metabolic rate to activity, whereas, in the current study metabolic rate varied more than 10 fold between species, a similar level of variation to that found previously for polar sponge species, 1.5-22.1 µmol O 2 gAFDM −1 h −1 (Witte and Graf, 1996; Kowalke, 2000; Gatti et al., 2002 ). An analysis of literature values for metabolic rates of sponges across latitudes showed that there was no correlation between oxygen consumption and measurement temperature [F (1, 27) = 0.57, p = 0.46; Supplementary Table 1] . This is a very unusual result, as metabolic rates of ectotherms is almost always correlated with temperature (Brown et al., 2004) . This provides further evidence that the variability in metabolic rate of sponges likely reflects the wide variety of physiological strategies utilized by sponges and the complexity of their biomes. High levels of metabolic plasticity are also found in other taxa that utilize different degrees of symbiotic energy supply. For example, zooxanthellate species of scleractinian coral have much lower ammonia excretion [51-192 (mg- at N) −1 h −1 ] than non zooxanthellate species [257-632 (mg-at N) −1 h −1 ], possibly indicating that nitrogen is providing nutritional support for zooxanthellae and not being excreted to the water column (Szmant et al., 1990) .
The range of rates of nitrogen excretion measured in Antarctic sponges in the current study (1-570 nmol g −1 dry wt h −1 ) was lower than the range reported for nitrogen excretion of Mediterranean, 18-1325 nmol g −1 dry wt h −1 (Jimenez and Ribes, 2007; Bayer et al., 2008) , and tropical sponges, 30-2650 nmol g −1 dry wt h −1 ; (Diaz and Ward, 1997) . Whilst the lowest reported values for Antarctic species were 18-30 times lower than those from warmer regions, the highest values were only 2.5-4.8 times lower than the highest elsewhere, which FIGURE 4 | Urea production by sponges in summer and winter. Values of urea production with the same letter are not significantly different (Tukey tests, P < 0.05).
FIGURE 5 | O:N ratio of sponges in summer and winter. *sp indicates a significant difference between species (ANOVA, P < 0.05). *Indicates a signficant within species difference between seasons (ANOVA, p < 0.05).
suggests that not only is protein metabolism slower in Antarctic species, but the between species range is also greater. Whilst nitrogen excretion rates are seasonal in sponges from other regions some of this variation is very likely due to nitrification by bacteria within the sponge biome (Radax, 2011) which could contribute to the mixed seasonal nitrogen excretion responses measured in the current study. In the two species where data were collected in both summer and winter (Figure 3) one had higher ammonia excretion rates in summer (D. antarctica), whilst the other was higher in winter (Suberites sp.). There was also a mixed seasonal response of ammonia excretion of Antarctic marine secondary consumers (Obermüller et al., 2010) which ranged from no change to a seaonal factorial change of 13. This was a greater variability than literature values for a range of species from other environments which were consistently higher in summer (2-11; Supplementary Material, Table 1 ).
Urea production is not frequently measured in studies of seasonal metabolism. Here nitrogen excretion as urea ranged from 0.1 µM gAFDM −1 h −1 for D. antarctica in winter, to 15 µM gAFDM −1 h −1 for S. antarcticus in summer, generally more than an order of magnitude lower than ammonia production, confirming demosponges as being ammonotelic. Similar to the seasonal changes in oxygen consumption, sponge species showed Dendrilla antarctica Winter 39.8 ± 0.6 9 5.7 ± 0.1 9 8.9 ± 0.2 9
Homaxinella balfourensis Summer 13.2 ± 1.2a 10 2.3 ± 0.1a 10 3.3 ± 0.2a 10
Homaxinella balfourensis Winter 23.5 ± 2.0b 9 3.7 ± 0.3b 9 5.2 ± 0.4b 9
Suberites sp. Summer 23.5 ± 0.9 9 3.6 ± 0.1 9 4.7 ± 0.1 9
Suberites sp. Winter 23.4 ± 0.9 9 3.6 ± 0.1 9 4.7 ± 0.2 9
Sphaerotylus antarcticus Summer 12.2 ± 1.3 9 2.2 ± 0.2 9 2.8 ± 0.3 9
Sphaerotylus antarcticus Winter 9.0 ± 0.8 7 1.9 ± 0.1 7 2.3 ± 0.2 7
Mean ± sem. Within each species, seasonal % C, H, and N values with the same letters are not significantly different (Tukey tests, P < 0.05). N = sample size.
a high plasticity of seasonal responses ranging from a 50% lower urea production in summer than winter (Suberites sp.) to more than a x35 increase in summer over winter in S. antarcticus. O:N ratios in the sponge communities studied here varied from 2. Table 1) .
CHN values obtained for sponges in the current study were at the lower end of those recorded in marine ectotherms (Barbarino and Lourenco, 2009; Obermüller et al., 2013) . The range of values, 2-10% nitrogen for sponges in this study, encompasses the 6% nitrogen found in other sponges, such as Hymeniacidon heliphila (Barbarino and Lourenco, 2009) and Spongilla lacustris (Sandjensen and Pedersen, 1994) . S. lacustris also had a carbon content (30%) within the range of those found in the current study (9-41%). In the study of Obermüller et al. (2013) the lowest overall CHN values for Antarctic marine invertebrates were found in the nudibranch, Doris kerguelenensis (28-33% carbon, 4-5% hydrogen and 6-8% nitrogen), whose low values were hypothesized to be a result of its obligate sponge diet. The increase in CHN content in winter H. balfourensis is most likely due to the production of reproductive tissue during this period.
The seasonal difference in phytoplankton availability in the Southern Ocean is amongst the greatest of any ocean (Venables et al., 2013) . For many months, phytoplankton standing stock in the water column is very low for suspension feeders, such as sponges. (Barnes and Clarke, 1995) . This seasonal variation in phytoplankton productivity has been reported to influence sponge populations and morphology, even in the deep sea (Kahn et al., 2012) . The wide range of potential food sources that can be utilized by sponges (Hadas et al., 2009; Perea-Blázquez 
Metabolic rate
↑ Indicates higher in summer, ↓ indicates lower in summer, = indicates no significant change.
et al., 2013a) may lead to some food being available across seasons, at least for some sponge species. In the current study, the most substantial seasonal difference in morphology was the increase in relative ash content (four out of five species) and the increase in organic content of H. balfourensis in winter. The change in H. balfourensis coincided with a change in morphology to a more twig-like growth form. This sponge is well-known in the Antarctic as a pioneer species, settling and growing rapidly in ice-scour regions on the shelf (Dayton, 1989; Dayton et al., 2013) . Dietary experiments have found that several Antarctic slow-growing sponges species (including S. antarcticus) are specialist picoplankton consumers, which includes freeliving pelagic bacteria, thereby allowing these sponges to feed all year, partially buffering themselves, and their surrounding ecosystems from the extreme Antarctic seasonality (Thurber, 2007) . However, Thurber (2007) found that H. balfourensis specialized in comsuming larger sized plankton, which may explain its observed fast growth rates during periods of reduced upwelling, while increased upwelling has been found to lead to population declines of this species around the Antarctic (Dayton, 1989) . Morphological plasticity is common in demosponges, as they have a leuconoid cell structure, which is believed to permit great diversity of shape, allowing plastic morphological responses FIGURE 6 | Factorial seasonal changes in oxygen consumption, modified from Obermüller et al. (2010) . Filled circles are polar herbivores: Nacella concinna (Fraser et al., 2002a) , Laternula elliptica (Brockington and Peck, 2001) , Adamussium colbecki (Heilmayer and Brey, 2003) , Liothyrella uva (Peck et al., 1987 (Peck et al., , 1997 Camptoplites bicornis, Isoseculiflustra tenuis, Kymella polaris (Barnes and Peck, 2005) , Sterchinus neumayeri -1997 and 1998 (Brockington and Peck, 2001) . Open diamonds are polar carnivores and scavengers: Orchomene plebs (m, male; f, female) (Rakusa-Suszczewski, 1982) , Gammarus setosus (Weslawski and Opalinski, 1997) , Glyptonotus antarcticus (Rakusa-Suszczewski, 1982), Notothenia coriiceps (Campbell et al., 2008) , Harpagifer antarcticus, Parborlasia corregatus, Paracerodocus miersii, Ophionotus victoriae, and Doris Kerguelensis (Obermüller et al., 2010) . Filled diamonds are sponges from the current study.
to changes in environmental conditions and productivity (Bergquist, 1978) . In the current study, development of both sexual and asexual progagules was also recorded in other Antarctic demosponges during winter. Embryo development of polar ectotherms is slowed considerably and may take as long as 2 years (Pörtner et al., 2000) . So the seasonal changes in the morphology of Antarctic demosponges recorded here, most likely corresponded to the period of propogule maturation and is unlikely to have been a direct response to reduced primary productivity. It is possible that the sponge biome buffers the lack of external nutrition during winter.
The "life in the slow lane" paradigm for polar sponges is perhaps most evident in their energetics. The lowest recorded oxygen consumption of polar marine invertebrates has been found in sponges, brachiopods, and bryozoans (Barnes and Peck, 2005) . Many ectotherms living in the near-constant cold of the Southern Ocean have very low physiological capacities and globally, the life history of Antarctic sponges has long been considered to be amongst one of the slowest (Gutt and Koltun, 1995; Barnes, 2013) . However, the great phenotypic variation demonstrated by demosponges in the current study suggests that there are exceptions to the paradigm, which may explain why sponges are highly abundant, speciose, and ubiquitous. The range of temporal physiological strategies found in sponges could be key to their successful colonization of such a broad range of habitats.
Recent evidence has shown that rapid growth can occur in some species of sponge (Dayton et al., 2013) , as has also been demonstrated for bryozoans (Barnes, 2013) , particularly in response to increased phytoplankton availability. The collapse of ice shelves Fillinger et al., 2013) and the reduction in sea-ice (Barnes et al., 2014) have altered phytoplankton dynamics (Venables et al., 2013) opening up new habitats for sponges (Fillinger et al., 2013) . Sponges can respond rapidly to spatio-temporal changes in sea ice concentration; with major sponge settlement events occurring in response to associated changes in phytoplankton dynamics after decades of no noticeable growth or recruitment (Dayton et al., 2013) . Similar rapid recruitment and growth of glass sponges was recorded after the collapse of the Larsen A-B ice shelves (Fillinger et al., 2013) . Emerging evidence, therefore, suggests that some Antarctic sponges are better able to buffer seasonal food shortages and can respond rapidly to environmental change, potentially leading to an important new source of carbon drawdown and increased bentho-pelagic coupling. These ecological observations of great variation in the ecology of Antarctic sponge species are similar to variations seen elsewhere in the world, and this may be a reflection of their very large interspecific phenotypic plasticity of metabolic physiology in sponges, which is likely a key component of their global success.
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